Data are available in the Supporting Information file.

Introduction {#sec001}
============

Polyploidy is a major factor driving angiosperm evolution \[[@pone.0116992.ref001]\]. Polyploidization has been shown to have consequences for a wide range of plant traits. These include various physiological (e.g., \[[@pone.0116992.ref002]\], \[[@pone.0116992.ref003]\], \[[@pone.0116992.ref004]\]) and size-related traits (e.g., \[[@pone.0116992.ref005]\], \[[@pone.0116992.ref006]\]), differences in flowering phenology and flower morphology (e.g., \[[@pone.0116992.ref007]\], \[[@pone.0116992.ref008]\], \[[@pone.0116992.ref009]\]) and different habitat requirements, distributions and local and landscape dynamics (e.g., \[[@pone.0116992.ref010]\], \[[@pone.0116992.ref011]\], \[[@pone.0116992.ref012]\], \[[@pone.0116992.ref013]\], \[[@pone.0116992.ref014]\]). However, there are also studies that indicate a lack of differences between diploids and polyploids in the above-mentioned traits (e.g., \[[@pone.0116992.ref015]\], \[[@pone.0116992.ref016]\], \[[@pone.0116992.ref017]\], \[[@pone.0116992.ref018]\], \[[@pone.0116992.ref019]\]).

The differences in species habitat requirements and their distributions are often related to the increased ability of polyploids to adapt to a wide range of conditions due to their higher degree of heterozygosity and overall genetic diversity (\[[@pone.0116992.ref003]\], \[[@pone.0116992.ref020]\]). In addition, if the polyploids originated via allopolyploidization, i.e., by hybridization of two different species, they will also have increased heterozygosity and overall genetic diversity thanks to their hybrid origin \[[@pone.0116992.ref021]\]. These processes are commonly used as explanations of the fact that diploids typically occupy narrower ranges and fewer habitat types than polyploids (\[[@pone.0116992.ref012]\], \[[@pone.0116992.ref014]\], \[[@pone.0116992.ref022]\]). However, in a previous study dealing with two congeneric species, the allotetraploid *Anthericum liliago* and the diploid *Anthericum ramosum*, we Černá and Münzbergová \[[@pone.0116992.ref023]\] have shown that the diploid species occupies a wider range of environments in the study region than the closely related allotetraploid species. This pattern could, in fact, suggest that the diploid species has a greater ability to adapt to different environmental conditions than the tetraploid species. Theoretically, this could be linked to the fact that the tetraploid species occurs at the edge of its range in the study region, and populations at the edge of their ranges are known to have lower genetic diversity and thus a lower ability to adapt to different environmental conditions (\[[@pone.0116992.ref024]\], \[[@pone.0116992.ref025]\], \[[@pone.0116992.ref026]\]). In addition, the differences might be caused by the fact that the allotetraploid species might be relatively new and therefore has not yet been able to adapt to different conditions \[[@pone.0116992.ref027]\].

In our previous field study \[[@pone.0116992.ref023]\], we compared the full life cycle of the two species in their natural habitats. The results suggested that the population dynamics between the two species are more similar when they occur in the same environmental conditions than between populations of the same species occurring in different environment types. Because the study was only observational, we cannot determine whether the differences are the result of adaptation of the plants to the local environment or whether the current environmental conditions determine the growth of the plants in each location. Also, we cannot exclude the possibility that contrasting environmental distribution of the two species may not reflect adaptation but chance colonization events \[[@pone.0116992.ref028]\]. Detecting local adaptation and possible limits to species distribution requires reciprocal transplant experiments in which plants from different origins are cultivated in those different conditions (\[[@pone.0116992.ref029]--[@pone.0116992.ref031]\]).

Reciprocal transplant experiments to study local adaptation can be performed by either transplanting the plants between different localities in the field or by simulating the environmental conditions in a common garden \[[@pone.0116992.ref029]\]. While the former provides more realistic results as it captures all of the characteristics of the localities, the latter is a much better approach for understanding specific driving factors (\[[@pone.0116992.ref032], [@pone.0116992.ref033]\]). Common garden experiments are also the only option when dealing with species that are rare and/or occur in protected habitats.

A wider distribution in diploids compared to closely related polyploids was also previously found for *Mercurialis annua* \[[@pone.0116992.ref031]\]. Reciprocal transplant experiments have demonstrated that the wider distribution of diploids is not due to local adaptation but to higher diploid fitness across all environments \[[@pone.0116992.ref031]\]. This study is one of the very few to use reciprocal transplant experiments to study local adaptation in a diploid-polyploid system. In fact, the other three studies that performed such a comparison (\[[@pone.0116992.ref034]--[@pone.0116992.ref036]\]) found neither major differences in the degree of local adaptation between the cytotypes nor superior overall fitness of one of the types.

The aim of the study was to determine the importance of environmental conditions in which they grow as well as of the conditions from which they originated for performance of two *Anthericum* species, allotetraploid *A*. *liliago* and diploid *A*. *ramosum* and to explore whether the two species differ in the ability to adapt to these environmental conditions. To fulfill the aim, we performed a common garden experiment using the allotetraploid *A*. *liliago* and diploid *A*. *ramosum*. We simulated the two environments in which the species occur, i.e. open and forest environments. We used individuals from the populations of both species from the open environment and grew them in simulated open and forest environments. In addition, we used forest populations of *A*. *ramosum* and also grew them in both environments; *A*. *liliago* does not occur in forests. In this way, we could compare the performance of both cytotypes in the different environments and assess whether the diploids form multiple locally adapted types or exhibit better performance in all of the environments regardless of their origin. By performing the experiment in common garden conditions, we specifically focused on the effect of shading and soil on plant performance. By growing all the plants in their soils of origin as well as in the other soils, we could also explore whether the plants are adapted to their home conditions.

We predicted that the target environment will have significant effect on plant performance. We also predicted that not only the target environment but also the environment of origin will have significant effect on plant performance. Finally, we predicted that response to the environment of origin and the target environment will differ between species. Specifically, we expected that performance of the diploid *A*. *ramosum* from the open environment will not be strongly reduced in simulated forest environment, whereas the allotetraploid *A*. *liliago* will perform worse in the simulated forest environment in which it does not occur in the nature. In addition, we expected that populations of *A*. *ramosum* from different environments will show signs of local adaptation.

Methods {#sec002}
=======

Collection of the seed material and soil samples for the experiment was permitted by the Regional Unit for Nature Protection for Central Bohemia, Czech Republic.

Study species {#sec003}
-------------

*A*. *liliago* L. and *A*. *ramosum* L. (Asphodelaceae) are closely related, long-lived perennial herbs typical of dry grasslands and undergo frequent generative as well as clonal reproduction. *A*. *liliago* is an allotetraploid (2n = 60), and *A*. *ramosum* is one of its diploid (2n = 30) progenitors \[[@pone.0116992.ref037]\]. The second progenitor of *A*. *liliago* is not known, but one possibility is that it is a diploid *A*. *liliago*, which has been reported from the Alps and Denmark. The second possible candidate is a Spanish endemic, *A*. *baeticum*, that is currently not sympatric with the other taxa \[[@pone.0116992.ref037]\]. The species are able to produce triploid hybrids, and triploid populations are known from Scandinavia \[[@pone.0116992.ref037]\]. However, the existence of triploids in nature in the study region, the Czech Republic, has not been confirmed (\[[@pone.0116992.ref023], [@pone.0116992.ref038]\]). The distribution of both species in Europe covers an area from Spain across France and central Europe to the Balkans and Ukraine. In the north, the distribution reaches southern Sweden and the Baltic states. In the Czech Republic, the diploid *A*. *ramosum* can be found both in Bohemia (western) and Moravia (eastern). The eastern boundary of the distribution of allotetraploid *A*. *liliago* is in central Bohemia. Outside Europe, *A*. *ramosum* the distribution range reaches up to Caucasus and Turkey. In contrast, the only country hosting *A*. *liliago* outside Europe is Turkey (<http://e-monocot.org>).

In the Czech Republic, the two species usually occur separately. Allotetraploid *A*. *liliago* prefers open, sunny, stony slopes and rocks with southern exposure. Diploid *A*. *ramosum* occupies sunny hillsides, often on a calcareous substrate and dry open forests. The two species do co-occur on some of the open, sunny slopes.

Study localities {#sec004}
----------------

To compare the growth of *A*. *liliago* and *A*. *ramosum*, we selected 3 localities in open environment where the two species co-occur in the Czech Republic. To contrast the growth of *A*. *ramosum* in both environments, 3 additional forest localities were chosen. From each of these 6 localities, we sampled seeds of populations of each *Anthericum* species occurring at the given locality. This resulted into 9 populations in total (3 populations of *A*. *liliago* from open localities, 3 populations of *A*. *ramosum* from open localities and 3 populations of *A*. *ramosum* from forest localities). Positions of these localities are shown in [Fig. 1](#pone.0116992.g001){ref-type="fig"}.

![A map of the study localities in the Czech Republic, Europe.\
Circles indicate the open localities (*A*. *liliago* as well as *A*. *ramosum*), and squares indicate the forest localities (*A*. *ramosum* only). G indicates the location of the experimental garden.](pone.0116992.g001){#pone.0116992.g001}

To characterize the soil from the localities, we collected 5 samples per locality and analyzed the pH in H~2~O and the contents of phosphorus, total nitrogen and total carbon. The samples from each locality were taken from a depth of 20 cm, and the sampling sites were distributed throughout the locality. Soil samples were sieved through a 2-mm sieve and prepared for chemical analyses \[[@pone.0116992.ref039]\]. We determined the actual and exchangeable pH using deionized water and a 0.1 M solution of KCl as the extractable solutions, respectively. Available P was determined using the photometric methods \[[@pone.0116992.ref040]\]. Total C and N contents were determined using a CHN analyzer (\[[@pone.0116992.ref041]\], Carlo Erba NC 2500).

In addition, five soil monoliths (100 cm^3^) were collected at each locality from the same sampling points. These monoliths were used to estimate the water holding capacity of the soil, which was measured as the amount of water that remained bound in the soil monolith after standing on constantly wet filter paper for 24 hours and expressed as the amount of water retained per gram of dry soil \[[@pone.0116992.ref042]\].

Common garden experiment {#sec005}
------------------------

The performance of *A*. *liliago* and *A*. *ramosum* from all 9 populations was studied for 2 seasons (2007 and 2008). To simulate the local environments in the common garden, we collected soil from each of the 6 localities (resulting into 6 soil types). Soil mixtures from the same 5 sampling points were used to both study soil chemistry and in the common garden experiment. Soil from each locality was thoroughly mixed and poured into 90 plastic pots (10 × 10 × 10 cm). Seeds from 10 randomly selected maternal plants from each study population were collected in the summer of 2006. In the winter of 2006, three to six seeds were sown into each pot. Seeds from each maternal plant were planted in one pot for each soil type. Together, 540 pots (9 plant populations × 6 soil types × 10 maternal plants) were used in the experiment. Except for natural rainfall, the pots containing soil from the open localities were only watered under severe drought conditions. The pots from the forest localities were watered daily, and the soil from the forest localities was shaded. Shading was achieved with a green garden shading net that transmitted 35% of the incident radiation. This level of shading is comparable to that in the forests (shading in the natural forest localities reduces light by 63.3% ± 1.95, a mean for all localities with 10 measurements per locality).

In the spring of 2007, all the germinated seedlings were removed from all pots except one. The seed germination was very high with almost 100% germinating in all pots. As a result, the data on seed germination were not analyzed. The aboveground size of the plants (length and number of leaves) was measured in July, 2007 and 2008. We also recorded whether the plants flowered. In August of 2008, the plants were harvested, and their above-ground biomass was dried to a constant weight and weighed. Because the data for leaf length and number of leaves provided similar results as with plant biomass, only the results based on biomass are presented here.

We measured plant performance as plant aboveground biomass and assumed this value to be a proxy for plant fitness. It has been repeatedly demonstrated that aboveground biomass is positively correlated with flowering intensity and seed production (e.g., \[[@pone.0116992.ref043]--[@pone.0116992.ref048]\]). In addition, the studied species not only reproduce generatively but also show extensive vegetative reproduction \[[@pone.0116992.ref023]\], and the intensity of clonal reproduction is also a function of plant size (\[[@pone.0116992.ref049]\], \[[@pone.0116992.ref050]\]). Plant aboveground biomass is thus expected to be a suitable proxy for plant fitness in these species. While it would be useful to also have data on belowground biomass of the plant, such data are unfortunately not available for technical reasons.

Data analysis {#sec006}
-------------

To understand the differences in chemical composition between the different soils used in the experiment, we tested the effect of environment type (open and forest) and locality (6 localities) nested within environment type on the properties of single chemicals and water-holding capacity using analysis of variance (ANOVA, [Table 1](#pone.0116992.t001){ref-type="table"}).

10.1371/journal.pone.0116992.t001

###### The effect of environment type and locality nested within environment type on single soil characteristics (pH in H~2~O, contents of phosphorus, nitrogen, carbon, carbon to nitrogen ratio and water holding capacity).

![](pone.0116992.t001){#pone.0116992.t001g}

                                                               Open   Forest                        
  ---------------------------- ------------ ----------- ------ ------ -------- ------ ------ ------ ------
  pH (H~2~O)                   F = 80.05    F = 7.78    Mean   8.1    8.1      8.4    7.8    5.9    6.7
  p \< 0.001                   p = 0.001    SE          0.04   0.02   0.09     0.03   0.28   0.04   
                                                        ab     ab     a        b      c      d      
  P (mg/kg)                    F = 27.77    F = 3.25    Mean   5.8    6.6      5.2    6.7    7.9    8.3
  p \< 0.001                   p = 0.049    SE          0.36   0.28   0.32     0.28   0.69   0.61   
                                                        ab     bc     a        abcd   cd     d      
  N (%)                        F = 41.74    F = 10.30   Mean   0.3    0.3      0.1    0.5    0.2    0.6
  p \< 0.001                   p \< 0.001   SE          0.02   0.01   0.01     0.02   0.04   0.05   
                                                        a      a      b        c      a      c      
  C (%)                        F = 4.36     F = 4.37    Mean   6      7.1      3.5    8.4    3.8    8.1
  p = 0.043                    p = 0.019    SE          0.23   0.16   0.21     0.46   0.67   0.88   
                                                        a      ab     c        b      c      b      
  C/N                          F = 33.32    F = 32.78   Mean   22.2   25.5     67.7   17     15.6   13.9
  p \< 0.001                   p \< 0.001   SE          1.27   0.64   8.20     0.34   0.79   0.66   
                                                        a      a      b        a      a      a      
  Water holding capacity (%)   F = 0.19     F = 23.68   Mean   42     43.7     27.6   32.2   29     49.5
  p = 0.666                    p \< 0.001   SE          1.39   0.68   0.73     1.86   2.69   2.05   
                                                        a      ac     b        b      b      c      

The mean and standard error of the mean values of the soil chemical characteristics at the studied localities are also shown. Localities marked by the same letter are not significantly different from each other. Significant values are in bold. The codes O-1 to F-3 are locality codes and correspond to codes used in Figures.

All of the analyses of data from the garden experiment were separated into two parts, i.e., 1) the comparison of the populations of *A*. *liliago* and *A*. *ramosum* from the open environments and 2) the comparison of *A*. *ramosum* from the open environments with *A*. *ramosum* from the forests. As *A*. *liliago* does not form large forest populations and could not be studied in that environment, the study design was not fully factorial. To adjust for the fact that the same data were always used for two independent tests, the conventional α level was reduced from 0.05 to 0.025 (cf. \[[@pone.0116992.ref015]\]).

The dependent variable was the aboveground biomass at the end of the experiment. Aboveground biomass was square root transformed to achieve normality and tested using ANOVA. The second dependent variable was flowering state (yes/no), which was tested using logistic regression. The differences in flowering were only compared for *A*. *ramosum* in the two environments as less than 1% of the *A*. *liliago* individuals flowered during the experiment.

When comparing *A*. *ramosum* from the two environments, we tested the effect of the target environment (simulated open or forest environment), target soil (i.e., soil where the plants were experimentally planted; 6 soil types, one from each locality), environment of origin (open or forest environment) and locality of origin of the transplanted plants (3 open and 3 forest localities). The target soil was nested within the target environment, and the locality of origin was nested within the environment of origin. All of the factors were treated as fixed. For tests of significance, we used the change in mean deviance, the quasi F-ratio \[[@pone.0116992.ref051]\]. Specifically, we tested target environment against target soil ([Table 2](#pone.0116992.t002){ref-type="table"}) and environment of origin against locality of origin ([Table 2](#pone.0116992.t002){ref-type="table"}). Then, we tested the target environment × environment of origin interaction against the target soil × locality of origin interaction. Target soil, locality of origin and target soil × locality of origin interaction were all tested against the residuals ([Table 2](#pone.0116992.t002){ref-type="table"}). A significant target environment × environment of origin interaction would indicate adaptation to open and forest environments. Similarly, a significant target soil × locality of origin interaction would indicate adaptation at the population level.

10.1371/journal.pone.0116992.t002

###### The determinants of plant performance in the experiment.

![](pone.0116992.t002){#pone.0116992.t002g}

  [A) *A*. *ramosum* from open and forest environments]{.ul}                                                    
  -------------------------------------------------------------------- -------------- ---- ---------- --------- ----------
  Target environment (TE)                                              TS             1    4          0.048     0.837
  Target soil (TS)                                                     Residuals      4    302        15.109    \< 0.001
  Environment of origin (EO)                                           LO             1    4          0.018     0.901
  Locality of origin (LO)                                              Residuals      4    302        9.205     \< 0.001
  TE × EO                                                              TS × LO        1    24         0.046     0.833
  TS × LO                                                              Residuals      24   302        1.501     0.065
  [B) *A*. *ramosum* from open and forest environments]{.ul}                                                    
  [Flowering]{.ul}                                                                                              
                                                                       Error          df   df error   quasi F   p
  Target environment (TE)                                              TS             1    4          0.422     0.551
  Target soil (TS)                                                     Residuals      1    302        7.434     0.007
  Environment of origin (EO)                                           LO             4    4          0.027     0.998
  Locality of origin (LO)                                              Residuals      4    302        7.866     \< 0.001
  TE × EO                                                              TS × LO        1    24         0.051     0.824
  TS × LO                                                              Residuals      24   302        1.525     0.057
  [C) *A*. *ramosum* and *A*. *liliago* from open environments]{.ul}                                            
  [Aboveground biomass]{.ul}                                                                                    
                                                                       Error          df   df error   quasi F   p
  Target environment (TE)                                              TS             1    4          0.239     0.651
  Target soil (TS)                                                     Residuals      4    312        23.920    \< 0.001
  Species                                                              Residuals      1    312        8.592     0.004
  Locality of origin (LO)                                              Residuals      2    312        28.211    \< 0.001
  Species × LO                                                         Residuals      2    312        4.278     0.015
  TE × species                                                         TS × species   1    4          2.786     0.170
  TE × LO                                                              TS × LO        2    8          0.697     0.526
  TS × species                                                         Residuals      4    312        1.609     0.172
  TS × LO                                                              Residuals      8    312        1.110     0.356
  TE × species × LO                                                    Residuals      1    312        0.001     0.996
  TS × species × LO                                                    Residuals      2    312        0.001     0.999

A\) The effects on aboveground biomass when comparing *A*. *ramosum* from open and forest environments. B) The effect on flowering probability when comparing *A*. *ramosum* from open and forest environments. C) The effects on aboveground biomass when comparing *A*. *ramosum* and *A*. *liliago* from the open environments. Significant values are in bold.

To test the effect of specific soil conditions on plant growth, we replaced target soil and locality of origin with specific values characterizing soil chemistry--specifically, values for pH and the contents of phosphorus, nitrogen, carbon, carbon to nitrogen ratio and water holding capacity--at both the localities of origin and the target soils. We also tested the interactions between soil chemistry of the target soil and the locality of origin ([Table 3](#pone.0116992.t003){ref-type="table"}). The test was performed as described above, and significant soil chemistry values were selected using step-wise regression in both directions in S-Plus (2000).

10.1371/journal.pone.0116992.t003

###### The effect of specific soil characteristics of the target soil and soil of origin on plant performance in the experiment.

![](pone.0116992.t003){#pone.0116992.t003g}

  A\) *A*. *ramosum* from open and forest environments                                                   
  ------------------------------------------------------ ----------- ---- ---------- -------- ---------- -----------
  Target environment (TE)                                TS          1    4          0.048    0.837      
  Environment of origin (EO)                             LO          1    4          0.018    0.901      
  TE × EO                                                TS × LO     1    24         0.046    0.833      
  Origin pH                                              Residuals   1    325        3.099    0.079      
  Origin P                                               Residuals   1    325        1.375    0.242      
  Origin N                                               Residuals   1    325        31.535   \< 0.001   \-
  Origin C                                               Residuals   1    325        0.064    0.801      
  Target P                                               Residuals   1    325        11.330   0.001      \+
  Target N                                               Residuals   1    325        26.174   \< 0.001   \+
  Target C                                               Residuals   1    325        17.045   \< 0.001   \+
  Origin C/N \* target C/N                               Residuals   1    325        13.877   \< 0.001   
  B\) *A*. *ramosum* from open and forest environments                                                   
  Flowering                                                                                              
                                                         Error       df   df error   F        p          direction
  Target environment (TE)                                TS          1    4          0.422    0.551      
  Environmentof origin (EO)                              LO          1    4          0.027    0.998      
  TE × EO                                                TS × LO     1    24         0.051    0.824      
  Origin pH                                              Residuals   1    325        8.185    0.004      \-
  Origin P                                               Residuals   1    325        5.550    0.018      \+
  Origin C                                               Residuals   1    325        13.936   0.000      \-
  Target pH                                              Residuals   1    325        27.107   \<0.001    \+
  Target P                                               Residuals   1    325        0.068    0.795      
  Origin C/N \* target C/N                               Residuals   1    325        18.340   \<0.001    

A\) The effects on aboveground biomass when comparing *A*. *ramosum* from open and forest environments. B) The effect on flowering probability when comparing *A*. *ramosum* from open and forest environments. The table corresponds to [Table 2A and B](#pone.0116992.t002){ref-type="table"} with the effect of target soil and locality of origin replaced by the specific habitat characteristics and their interactions; only the characteristics selected using step-wise repression are shown. The between species comparison is not shown as no habitat characteristics had any significant effect. Significance values are in bold, and direction indicates the direction of the significant effects if applicable (for the interactions, see [Results](#sec007){ref-type="sec"}).

When comparing *A*. *ramosum* and *A*. *liliago* from the open environments, we characterized the target environment (simulated open and forest) and the target soil (i.e., the soil where the plants were planted experimentally; 6 soil types, one from each locality)). Further, we tested the effect of species and the locality of origin of the transplanted plants (3 open localities). The target soil was nested within the target environment, and all of the factors were considered to be fixed. We tested target environment against target soil ([Table 1](#pone.0116992.t001){ref-type="table"}). In contrast, both species and locality of origin were tested against the residuals as these two variables were combined in a factorial fashion (both species originated from all open localities). We also tested the interaction between species and locality of origin. Furthermore, the model contained a target environment × species interaction, target environment × locality of origin interaction, target soil × species interaction and target soil × locality of origin interaction. The interactions with the target environment were tested against their respective interactions with the target soil, and the interactions with the target soil were tested against the residuals. We also tested the triple interaction of target soil or target environment × species × locality of origin ([Table 1](#pone.0116992.t001){ref-type="table"}). An interaction between species and locality of origin and/or between species and target environment or target soil would indicate that the two species differ in their ability to respond to various environment conditions.

To test the effect of specific soil conditions on plant aboveground biomass, we replaced target soil and locality of origin with specific values describing soil chemistry--specifically, values for pH and the contents of phosphorus, nitrogen, carbon, carbon to nitrogen ratio and water holding capacity--of both the localities of origin and the target soils. We also tested the interactions between the soil chemistry of the target soils and the locality of origin and the interaction of the species with the target soil and the soil characteristics of the locality of origin ([Table 3](#pone.0116992.t003){ref-type="table"}). The test was performed as described above. The significant soil chemistry values were selected using step-wise regression in both directions in S-Plus (2000).

Finally, to test if the home populations performed better than the foreign populations, we included an additional test for the effect of home vs. away for both datasets.

Results {#sec007}
=======

The soils from the open environments and from the forests differed significantly in all of the measured characteristics, except for water holding capacity ([Table 1](#pone.0116992.t001){ref-type="table"}). Specifically, the soils from the open environments had higher pH, contained less phosphorus, nitrogen and carbon and had a higher C/N ratio ([Table 1](#pone.0116992.t001){ref-type="table"}). However, the effect of locality was equally as strong as the effect of environment type and was significant for all of the measured soil characteristics ([Table 1](#pone.0116992.t001){ref-type="table"}). All the data on plant size in the experiment are given in [S1 Table](#pone.0116992.s001){ref-type="supplementary-material"}.

Comparison between open and forest environments (*A*. *ramosum* only) {#sec008}
---------------------------------------------------------------------

Aboveground biomass of *A*. *ramosum* from the open and forest environments was strongly affected by target soil and locality of origin. In contrast, neither the target environment nor the environment of origin had a significant effect ([Table 2A](#pone.0116992.t002){ref-type="table"}, [Fig. 2](#pone.0116992.g002){ref-type="fig"}). Contrary to our expectations, this result suggests that there is no difference in the aboveground biomass of plants from the open and forest environments and that simulated shading combined with a change in water regime had no significant effect on aboveground plant biomass. The results also indicated that the major factor determining plant aboveground biomass was the soil from which the plant originated and the soil in which the plant was growing. The interaction between target environment and environment of origin was not significant and the interaction between target soil and locality of origin was only marginally significant. Very similar effects were found for flowering probability (Table [2B](#pone.0116992.t002){ref-type="table"} and [4](#pone.0116992.t004){ref-type="table"}).

![The effect of species, locality of origin and target soil on aboveground biomass.\
Single panels represent single plant populations (single locality of origin) grown in the common garden. O-1, O-2, O-3, F-1, F-2 and F-3 represent target soils. The target soils either come from open (O, white columns) or forest (F, black columns) environments. The origin and target numbers denote the locality of the population or the soil and correspond to [Fig. 1](#pone.0116992.g001){ref-type="fig"}. Arrows indicate plants grown in their home soil.](pone.0116992.g002){#pone.0116992.g002}

10.1371/journal.pone.0116992.t004

###### The effect of target soil and locality of origin on probability of flowering of *A*. *ramosum*.

![](pone.0116992.t004){#pone.0116992.t004g}

                              Target soil                               
  -------------------- ------ ------------- ------ ------ ------ ------ ------
                              O-1           O-2    O-3    F-1    F-2    F-3
  Locality of origin   O-1    0.44          0.20   0.10   0.20   0.00   0.00
  O-2                  0.89   0.56          0.20   0.50   0.10   0.00   
  O-3                  0.50   0.56          0.10   0.50   0.00   0.20   
  F-1                  0.20   0.00          0.20   0.33   0.00   0.00   
  F-2                  0.25   0.60          0.50   0.50   0.30   0.20   
  F-3                  0.56   0.44          0.60   0.50   0.20   0.30   

O indicates open locality and F indicates forest locality. 1--3 indicate locality number. For target soils, the codes O-1, O-2, O-3, F-1, F-2 and F-3 represent the locality from which the soil used for plant cultivation was collected. For locality of origin, the codes O-1, O-2, O-3, F-1, F-2 and F-3 represent the locality, from which we collected seeds for the experiment. Bold values show plants grown in their home soil.

The aboveground biomass of *A*. *ramosum* was significantly lower when the plants originated from the environment with high nitrogen content (localities F-1, F-3 and O-1, [Fig. 3A](#pone.0116992.g003){ref-type="fig"}). In addition, the plants grew larger when grown in the soil with high contents of phosphorus, carbon and nitrogen (especially in the F-1 soil, [Fig 3B](#pone.0116992.g003){ref-type="fig"}). There was also a significant interaction between the C/N ratio of the environment of origin and the target soil. The plants grew best when they originated from a habitat with a high C/N ratio and were grown in soil with a low C/N ratio ([Table 3A](#pone.0116992.t003){ref-type="table"}, [Fig. 2](#pone.0116992.g002){ref-type="fig"} -- most notably population O-3 in F-1 soil).

![The effect of A) locality of origin and B) target soil on plant aboveground biomass of *A*. *ramosum* in the common garden experiment.\
O indicates A) open environment of origin and B) soil from open environments, F indicates A) forest environment of origin and B) soil from forest environments. Numbers denote locality numbers and correspond to [Fig. 1](#pone.0116992.g001){ref-type="fig"}.](pone.0116992.g003){#pone.0116992.g003}

The probability of flowering in *A*. *ramosum* was more strongly affected by the conditions of the original habitats than those of the target soils. Specifically, the plants flowered more when they originated from conditions of lower pH and carbon content and higher phosphorus content (population F-3, [Table 4](#pone.0116992.t004){ref-type="table"}). The plants also flowered more when grown in soils from open environment with higher pH (soils O-1, O-2 and O-3, [Table 4](#pone.0116992.t004){ref-type="table"}). Similar to aboveground biomass, there was also a significant interaction between the C/N ratio of the locality of origin and the target soil. The plants flowered most when they originated from a locality with a high C/N ratio and were grown in soil with a low C/N ratio (Tables [3B](#pone.0116992.t003){ref-type="table"} and [4](#pone.0116992.t004){ref-type="table"}).

The effect of home vs. away was not significant for either aboveground biomass or flowering (p \> 0.05 in both cases).

Comparison between species {#sec009}
--------------------------

When comparing *A*. *ramosum* and *A*. *liliago* from the open environment, we also did not find any significant effect of the target environment (simulated open and forest environment) on aboveground plant biomass ([Table 2C](#pone.0116992.t002){ref-type="table"}). As reported above, the results also indicated strong differences in the aboveground biomass of plants grown in different types of target soil ([Fig. 2](#pone.0116992.g002){ref-type="fig"}). Plant aboveground biomass also differed between species and localities of origin, and there was a significant interaction between species and locality of origin ([Table 2C](#pone.0116992.t002){ref-type="table"}). Specifically, there was almost no difference in the aboveground biomass of the two species from localities 1 and 2, but the diploid *A*. *ramosum* from locality 3 was significantly larger when compared to the allotetraploid *A*. *liliago* from the same locality ([Fig. 4](#pone.0116992.g004){ref-type="fig"}). Locality 3 had significantly lower nitrogen and carbon content and a significantly higher C/N ratio compared to the other localities. The *A*. *ramosum* plants from locality 3 grew the least in their own soil, but the size of the plants was much larger in the more nutrient rich foreign soil (Figs. [2](#pone.0116992.g002){ref-type="fig"}, [4](#pone.0116992.g004){ref-type="fig"}).

![Effects of the locality of origin on the aboveground biomass of *A*. *liliago* and *A*. *ramosum* from the open localities in which the species co-occur.\
\* indicates significant differences between species within the locality.](pone.0116992.g004){#pone.0116992.g004}

The characteristics of the target and origin soils had no significant effects on aboveground biomass in the between-species comparison (p \> 0.05 in all cases). Note that there are only three origin soils in this test and the test is thus rather weak. Additionally, the effect of home vs. away and its interaction with species was not significant (p \> 0.05).

Discussion {#sec010}
==========

The effect of the target environment {#sec011}
------------------------------------

We predicted that the target environment will have significant effect on plant performance. Primarily, we expected strong effects of target environment type, i.e., simulated open and forest environments. Thus, it is surprising that the target environment had no significant effects on plant growth and flowering in either of the tests. This result contrasts with numerous published studies suggesting that light availability is a major determinant of plant performance in many systems (\[[@pone.0116992.ref052]\], \[[@pone.0116992.ref053]\], \[[@pone.0116992.ref054]\]). The absence of a shading effect is unlikely due to the low intensity of the shading (a 65% reduction in available light). More likely, it is due to the high variation in soil composition between the localities and thus the strong variation between the different soils within each shading treatment. This suggests that soil composition is more important than shading for the performance of the two species.

The absence of the shading effect on the aboveground biomass of plants is also striking given that the allotetraploid *A*. *liliago* does not usually occur in forested localities; it only rarely forms small populations in open, *Erico-Pinion* forest communities, i.e., open calcareous forests \[[@pone.0116992.ref055]\]. In addition, we \[[@pone.0116992.ref023]\] showed strong differences in the population dynamics between diploid *A*. *ramosum* from open and forest environments when studied under natural conditions. The explanation for these differences could include other factors that differentiate the open and forest localities, including differences in microclimatic conditions, differential competition with the surrounding vegetation and the presence of a thick litter layer in the forests. Additionally, it is possible that minority cytotype exclusion plays an important role in restricting tetraploid colonization of the forest localities \[[@pone.0116992.ref056]\]. Furthermore, the negative effects of shading may be most visible in the early seedling stages. Many studies have, in fact, shown that plants are more sensitive to local habitat conditions in the early stages of development (e.g., \[[@pone.0116992.ref057]\], \[[@pone.0116992.ref058]\], \[[@pone.0116992.ref059]\], \[[@pone.0116992.ref060]\]). In this experiment, we recorded almost 100% seed germination of the originally sown seeds. Also, almost all experimental plants survived until the end of the experiment. Thus even though we could not study the exact sizes of the plants in early stages due to biology of the plants (many plants retreated early in the first season and reappeared just in the second season), we expect that early performance was not likely different between the plants. Unfortunately, we did not evaluate the belowground biomass of the species at the end of the experiment so we also cannot exclude the possibility that the plants differed in belowground biomass between the two environment types.

In contrast to the absence of significant effects of the target environment, the effect of the target soil was very strong in both comparisons. This aligns with the profound differences in soil chemistry observed between the localities. Similarly large differences in plant performance between the different soil types were previously detected in many different studies (e.g., \[[@pone.0116992.ref033]\], \[[@pone.0116992.ref061]\], \[[@pone.0116992.ref062]\], \[[@pone.0116992.ref063]\]). In the current study, the importance of local soil conditions is supported by the fact that we were able to detect specific soil elements responsible for plant growth. Specifically, plants grew better in soils with higher carbon, nitrogen and phosphorus contents and flowered more in soils with higher pH. This indicated that they grow better in more nutrient-rich soils. Several recent studies have demonstrated that both abiotic and biotic differences between soils and the interaction between biotic and abiotic factors may drive the response of species to local conditions (e.g., \[[@pone.0116992.ref039]\], \[[@pone.0116992.ref064]\], \[[@pone.0116992.ref065]\]). The assessment of the biotic conditions in the soils was, however, not within the scope of this project.

The effect of environment of origin {#sec012}
-----------------------------------

We also predicted that not only the target environment but also the environment of origin will have significant effect on plant performance. Indeed, plant growth was not only affected by the habitat conditions in which they were cultivated but also by the habitat conditions from which they originated. Specifically, plants originating from a system with low nitrogen content and a high C/N ratio grew more. They flowered more when originating from habitats with higher phosphorus content and lower carbon content and pH. A similar effect on offspring performance of nutrient availability to the maternal generation was previously demonstrated in several studies (e.g., \[[@pone.0116992.ref039]\], \[[@pone.0116992.ref065]\], \[[@pone.0116992.ref066]\]).

The strong effect of the environment of origin could have several explanations. One is linked to possible genetic differences between the populations of the species and differential performance between lineages that could be caused by the adaptations of the plants to different environmental conditions (see the [discussion](#sec010){ref-type="sec"} below). Alternatively, the differences between the populations could be caused by transgenerational plasticity (maternal effects, e.g., \[[@pone.0116992.ref067]\], \[[@pone.0116992.ref068]\], \[[@pone.0116992.ref069]\]). While the effects of habitat conditions on plant performance in a common garden have between reported in many studies (e.g. \[[@pone.0116992.ref070]\], \[[@pone.0116992.ref071]\], \[[@pone.0116992.ref072]\]), these two alternative explanations are often not considered separately. Thus, both of these possibilities are likely, but distinguishing between them would require that the plants be cultivated over multiple generations (e.g., \[[@pone.0116992.ref073]\]).

Differences between the two species and the source environments {#sec013}
---------------------------------------------------------------

Finally, we predicted that response to the environment of origin and the target environment will differ between species. Specifically, we expected that performance of the diploid *A*. *ramosum* from the open environment will not be strongly reduced in simulated forest environment, whereas the allotetraploid *A*. *liliago* will perform worse in the simulated forest environment in which is does not occur in the nature. In addition, we expected that populations of *A*. *ramosum* from different environments will show signs of local adaptation.

Our prediction comparing the two species contrasted to the general expectation for a diploid-polyploid system that the polyploids will have a greater ability to adapt to a wide range of conditions thanks to their increased heterozygosity (e.g., \[[@pone.0116992.ref020]\]). The results of our study are neither in line with our prediction nor in line with the general expectation as growth of both species across a range of simulated environments suggests that the response of both species to new environmental conditions is very similar. Nevertheless, the diploid *A*. *ramosum* demonstrated a greater ability to adapt to different conditions as plants from nutrient poor habitats clearly had an increased ability to acquire resources. This result supports our hypothesis that *A*. *ramosum* is able to occupy a wider range of habitats thanks to its increased ability to adapt to various conditions. The increased growth in plants from nutrient-poor environments in nutrient-rich environments may either be related to an adaptation of these plants to nutrient shortage that leads to more efficient resource acquisition or to transgenerational plasticity \[[@pone.0116992.ref069]\].

Even though *A*. *ramosum* shows some signs of adaptation, the plants perform the worst in their home environments, so this is not an indication of local adaptation in a strict sense \[[@pone.0116992.ref029]\]. A similar pattern, i.e., increased growth in plants from a low nutrient soil transplanted to a high nutrient soil, was also detected by Pankova et al. \[[@pone.0116992.ref074]\]). In their study, this pattern was explained by higher mycorrhizal root colonization in the plants from the nutrient poor habitat. A similar conclusion, i.e., a significant interaction between habitat conditions in the target environment and the environment of origin but no indication of improved performance in the home localities, was previously reported also for other systems (e.g., \[[@pone.0116992.ref075]\], and see the review in \[[@pone.0116992.ref076]\]).

The absence of a home site advantage, and thus the absence of any proof of local adaptation in a strict sense, contrasts with many previous studies that indicate an ability of plants to adapt to their home environments (e.g., \[[@pone.0116992.ref077]\], \[[@pone.0116992.ref078]\], \[[@pone.0116992.ref079]\]). The degree of local adaptation in a system depends on a balance between local selective forces and regional dispersal processes \[[@pone.0116992.ref029]\]. Gene flow between populations can thus constrain local adaptation to a spatially heterogeneous environment \[[@pone.0116992.ref080]\]. However, under strong selection, local adaptation may occur despite gene flow from surrounding populations (\[[@pone.0116992.ref081]\], \[[@pone.0116992.ref082]\]). Both of the studied species are relatively rare, so their populations are thus quite isolated from each other. In addition, the seeds of both species are quite large and do not have any adaptations for long distance dispersal. All of this suggests that intensive gene flow between the populations is an unlikely explanation for the absence of local adaptation in our system. Alternatively, the absence of local adaptation can be explained by small environmental differences between the studied habitats. While there are large differences in the soil nutrient contents from the different locations, none of these soils are extreme in any way. Previous studies have shown that local adaptation can be found in systems where the local conditions are extreme and can restrict the survival of many species. These conditions could include increased contents of copper, zinc, sodium chloride or magnesium in the soil, herbivory or flooding (e.g., \[[@pone.0116992.ref077]\], \[[@pone.0116992.ref082]\], \[[@pone.0116992.ref083]\], \[[@pone.0116992.ref084]\], \[[@pone.0116992.ref085]\]). Other studies have shown that local adaptation is quite common at large spatial scales of several hundreds of kilometers but is less likely at the scale of tens of kilometers (e.g., \[[@pone.0116992.ref075]\], \[[@pone.0116992.ref086]\], also see the review in \[[@pone.0116992.ref076]\]).

Few studies have compared the ability to adapt to local conditions in diploid-polyploid pairs. The studies (\[[@pone.0116992.ref034]\], \[[@pone.0116992.ref087]\]) demonstrated a home site advantage in diploid-polyploid systems, but the degree of local adaptation did not differ between the two cytotypes in these studies. Additionally, other reciprocal transplant studies did not find any major differences in the degree of local adaptation between the cytotypes (\[[@pone.0116992.ref035]\], \[[@pone.0116992.ref036]\]). Similarly, Hahn et al. \[[@pone.0116992.ref088]\]) did not find any differences in the response of *Centaurea stoebe* from the native range to environmental conditions.

In line wixth our results, Hulber et al. \[[@pone.0116992.ref089]\] showed that the performance of diploid *Senecio carniolicus* strongly varied with changing environmental conditions while the performance of hexaploids remained unchanged. Similarly, Schlaepfer et al. \[[@pone.0116992.ref090]\] showed a significant size response to nutrient treatments in diploid but not tetraploid *Solidago gigantea*. Finally, Buggs & Pannell \[[@pone.0116992.ref031]\] demonstrated that diploid *Mercurialis annua* was able to grow well in a much wider range of habitat conditions than hexaploid *Mercurialis annua*. These results, i.e., greater morphological changes in diploids compared to polyploids, are similar to the results found in our system and may have two competing explanations. First, the diploids may have higher plasticity and thus a greater ability to adapt to changing conditions (an explanation considered more likely in \[[@pone.0116992.ref031]\] and \[[@pone.0116992.ref089]\]). Second, the diploids may, in fact, have a lower ability to adapt to a changing environment, so their growth is reduced in unsuitable conditions. In contrast, polyploids may be more plastic in terms of their metabolism and are thus able to maintain their growth in less suitable conditions (an explanation considered more likely in \[[@pone.0116992.ref090]\]). As the biomass of diploids increased in some transplant combinations compared to the tetraploids in our experiment, we suggest that the former explanation, i.e., increased ability to adapt to changing conditions, is more likely for diploids in our system.

The above results suggest that *A*. *ramosum* may have a greater ability to acquire limiting resources under some circumstances, which is one possible explanation for its wider distribution. The wider distribution of the diploid may have other explanations as well. Specifically, it may be related to the age of the species as the polyploid taxa is likely younger than the diploid. In support of this, Oberprieler et al. \[[@pone.0116992.ref027]\] demonstrated that lower ploidy level *Leucanthemum* species occupy a larger proportion of their potential habitats than species with a higher ploidy level. They suggest that species distribution does not reflect the potential ecological advantages associated with polyploidy but rather the age of the taxa because species with lower ploidy levels are expected to be older.

Conclusions {#sec014}
-----------

The study supported the predictions that both the target environment as well as the environment of origin will have strong effects on performance of the two species. Surprisingly, they, however, indicated that the effect of soil conditions of target and origin is more important than the effect of environment type (i.e. simulated forest and open environment). They also supported the prediction that the response to target and origin will differ between the two species. Specifically, the diploid *A*. *ramosum* seems to have the ability to grow in a wider range of conditions thanks to its ability to adapt to changing environments, specifically an increased ability to acquire nutrients when originating from low nutrient environments. In spite of the differences in performance of plants of different origin in the different soils, we did not detect any indication of local adaptation in the system.
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